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Abstract 
Present study has been made to optimize the process parameters during machining of SiCp/6061 Al metal matrix 
composite (MMC) by wire electrical discharge machining (WEDM) using response surface methodology (RSM). 
Four input process parameters of WEDM (namely servo voltage (V), pulse-on time (TON), pulse-off time (TOFF) and 
wire feed rate (WF)) were chosen as variables to study the process performance in terms of cutting width (kerf). The 
analysis of variance (ANOVA) was carried out to study the effect of process parameters on process performance. In 
addition mathematical models have also been developed for response parameter. Properties of the machined surface 
have been examined by the scanning electron microscopic (SEM). 
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1. Introduction 
MMCs have become increasingly important in modern industrial applications due to their properties 
such as high strength-to-weight ratio, high toughness, lower value of coefficient of thermal expansion, 
good wear resistance, and capability of operating at elevated temperature [1, 2]. MMCs are fabricated 
using several processes such as casting, forging and extrusion. However, cutting and finishing operations 
of MMCs required for finishing are not well understood. The use of traditional machining processes to 
machine hard composite materials causes serious tool wear due to abrasive nature of reinforcing particles 
thus shortening tool life [3, 4]. Although, nontraditional machining techniques such as water jet 
machining (WJM) and laser beam machining (LBM) can be used but the machining equipment is 
expensive, height of the work piece is a constraint, and surface finish obtained is not good [5, 6]. On the 
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other hand, some techniques such as electric discharge machining (EDM) and wire electric discharge 
machining (WEDM) are quite successful for machining of MMCs. WEDM is a thermo-electrical process 
in which material is eroded from the work piece by a series of discrete sparks between the work piece and 
the wire electrode (tool) separated by a thin film of dielectric fluid which is continuously forced in to the 
machining zone to flush away the eroded particles. The selection of various process parameters during 
WEDM process plays crucial role in achieving optimal machining performance. According to Patil and 
Brahmankar [7] during WEDM an accurate and efficient machining operation without compromising 
machining performance is achievable. Achieving effective and economical WEDM of MMCs will open 
new areas of applications for MMCs. Most of the studies on WEDM of composites have been done by 
using one-parameter-at-a-time approach, which is insufficient to explain the effects of interactions among 
various process parameters. In WEDM, one of the important performance measures is kerf. The kerf 
determines the dimensional accuracy of the finished part and has not been given due importance in the 
reported literature in case of WEDM of SiCp/6061 Al MMC. Thus, there is enough scope to analyze and 
optimize the process parameters during WEDM of SiCp/6061 Al MMC to understand their effects on 
product quality and process economy. Response surface methodology (RSM) is one emerging technique, 
which helps in carrying out the analysis of experiments with the least experimental efforts [8]. In the 
present work, the mathematical models were developed and also verification tests for the developed 
models were carried out, to obtain the optimal settings of process parameters to achieve optimum kerf on 
the specimen made of SiCp/6061 Al MMC processed by WEDM process. This study also investigates the 
effects of process parameters on microstructure and surface roughness of the machined surface.  
2. Materials and methods 
 
The experiments were conducted on the ECOCUT WEDM machine from Electronica India Pvt Ltd. A 
diffused brass wire of 0.25 mm diameter was used as the cutting tool. Aluminum (6061) based MMC, 
made by stir casting technique having 10% SiC particles (by weight) were used as the specimen. The 
specimens were of rectangular shape having a thickness of 6 mm. The deionized water was used as 
dielectric and its temperature was kept at 20ºC. The four input process parameters namely servo voltage 
(SV), pulse-on time (TON), pulse-off time (TOFF) and wire feed rate (WF) were chosen as variables to study 
their effects on kerf as response parameter. The ranges of input parameters were selected on the basis of 
literature survey, machine capability and preliminary experiments conducted by using one-variable-at-a-
time approach as shown in Table 1 [9]. The kerf was measured using the stereo microscope (Zeiss, made 
in Germany), and is expressed as sum of wire diameter and twice of wire-work piece gap. SEM analysis 
was used to determine the effect of input process parameters on the microstructure of the cut surface.  
Table 1 Levels of process parameters 
Process parameters 
 
          Levels 
-1 0 +1 
Servo Voltage (V) 70 80 90 
Pulse-on time (s) 1 2 3 
Pulse-off time (s) 6 8 10 
Wire feed rate (m/min) 5 7 9 
 
3. Response surface methodology 
Response surface methodology approach is the procedure for determining the relationship between 
various process parameters with various machining criteria and exploring the effects of these process 
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parameters on the coupled responses [10]. In order to study the effect of WEDM process parameters of 
SiCp/6061 Al MMC on kerf, a second order polynomial response can be fitted into the following 
equation: 
Y= Ͳ + ͳ ͳ ൅ ʹ ʹ ൅ ͵ ͵ ൅ Ͷ Ͷ ൅ ͳͳ ͳʹ + ʹʹ ʹʹ + ͵͵ ͵ʹ + ͶͶ Ͷʹ + ͳʹ ͳ ʹ ൅ ͳ͵ ͳ ͵ ൅ ͳͶ ͳ Ͷ ൅
ʹ͵ ʹ ͵ ൅ ʹͶ ʹ Ͷ ൅ ͵Ͷ ͵ Ͷ                                                                                                                    (1) 
                                                    
Where Y is the response and x1, x2, x3, x4 are the quantitative variables. b1, b2, b3 and b4 represent the 
linear effects of x1, x2, x3 and x4 respectively, b11, b22, b33 and b44 represent the quadratic effects of x1, x2, 
x3 and x4. b12, b13, b14, b23, b24 and b34 represent linear-by-linear interaction between x1 and x2,  x1 and x3,  
x1 and x4, x2 and x3, x2 and x4, x3 and x4,  respectively. These quadratic models work quite well over the 
entire factor space and regression coefficients were computed according to the least-squares procedure 
[11]. 
By plotting the expected response of Y, a surface, known as the response surface is obtained. The WEDM 
process was studied according to the Box-Behnken design (BBD). Levels and values for four factors have 
been given in Table 1
the selected variables were obtained by solving the regression equations and by analyzing, the response 
surface contour plots. Analysis of variance was used to analyze the experimental data and the relative 
importance of the machining parameters with respect to the measure of performance was investigated. 
Table 2 illustrates the order, combination and design of experiments based on the coded surfaces and 
results of the desired response surface. 
 
Table 2 BBD with four parameters and experimental kerf 
Exp. 
No. 
Voltage, 
(V) 
Pulse-on 
time, (s) 
Pulse-off  
time, (s) 
Wire feed 
rate, (m/min) 
kerf 
(mm) 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
0 
-1 
0 
-1 
0 
1 
1 
0 
0 
1 
0 
0 
0 
0 
0 
0 
1 
0 
0 
0 
0 
0 
1 
-1 
-1 
-1 
-1 
1 
0 
1 
0 
0 
0 
-1 
0 
0 
0 
0 
0 
0 
0 
-1 
0 
1 
0 
0 
1 
0 
-1 
0 
-1 
1 
0 
1 
0 
-1 
-1 
1 
0 
0 
1 
1 
-1 
0 
-1 
0 
0 
0 
1 
0 
0 
0 
0 
0 
1 
-1 
-1 
0 
-1 
1 
0 
-1 
0 
0 
0 
0 
1 
-1 
-1 
1 
0 
0 
-1 
0 
0 
0 
1 
-1 
0 
1 
0 
1 
0 
-1 
-1 
1 
-1 
-1 
0 
0 
0 
0 
1 
0 
0 
0 
0.381 
0.266 
0.328 
0.287 
0.359 
0.415 
0.438 
0.424 
0.387 
0.308 
0.407 
0.394 
0.342 
0.426 
0.302 
0.422 
0.352 
0.322 
0.368 
0.372 
0.334 
0.401 
0.446 
0.261 
0.274 
0.294 
0.282 
0.432 
0.316 
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3.1 Modeling Response Variables 
Tables 3 show the variance analysis results of the RSM models for kerf. The associated P value for 
significant. It also shows the value of R2-statistic and adjusted R2-statistic. The R Squared (R2) is defined 
as the ratio of variability explained by the model to the total variability in the actual data and is used as a 
measure of the goodness of fit. The more R2 approaches unity, the better model fits the experimental data. 
For instance, the obtained value of 0.8827 for R2 implies that the model explains approximately 88.27% 
of the variability in kerf, where as R2 adjusted for the model is 0.7655.    
Table 3 Variance analysis for the model of kerf 
Sourse                                Sum of Square                   d.f.                   Mean Square                   F-value                             P-value 
Model 
Residual 
Total         
0.082 
0.011 
0.093                      
   14 
   14 
   28 
55.889E-003     7.53      0.0003 
R-Squared 
Adjusted R-Sqared 
Standard Dev. 
0.8827 
0.7655 
0.028 
 
 
Table 4 presents the values of b 
model terms are significant. According to Table 5, voltage (V), pulse-off time (TOFF), wire feed rate (WF), 
quadratic effect of voltage (V× V), quadratic effect of pulse-off time (TOFF × TOFF), quadratic effect of  
wire feed rate (WF × WF), interaction effect of voltage with wire feed rate (V× WF) and interaction effect 
of pulse-off time with wire feed rate (TOFF× WF) have significant effects on kerf. To fit the quadratic 
model for kerf the non-significant terms are eleminated by backward elemination process. After 
eleminating the non-significant terms, the final response equations kerf is found as follow: 
                           
ൌ ͵ǤʹͲͶ͹Ͷ ൅ ͲǤͲ͹Ͷʹͺ͹ ൈ ൅ ͲǤͳͳ͹ͳͻ ൈ ͵ǤͷͻͺͶͻ ͲͲͶ ൈ ʹ ͳǤͷͺͳ͹ͻ ͲͲ͵ ൈ
ൈ                                                                                                                                                        (2)    
 
Table 4   The effect of voltage, pulse-on time, pulse-off time and wire feed rate on kerf 
Parameters Sum of Squares DF F  Value P value 
Voltage (V) 
Pulse-on time (TON) 
Pulse-off time (TOFF) 
Wire feed rate (WF) 
Quad. V (V×V) 
Quad. TON (TON × TON) 
Quad. TOFF (TOFF × TOFF) 
Quad. WF (WF × WF) 
Interaction (V× TON) 
Interaction (V× TOFF) 
Interaction (V× WF) 
Interaction (TON× TOFF) 
Interaction (TON× WF) 
Interaction (TOFF× WF) 
0.020 
3.207E-004 
9.960E-003 
0.015 
0.013 
3.243E-003 
4.223E-003 
6.840E-003 
2.797E-004 
2.553E-003 
5.968E-003 
1.040E-003 
3.216E-004 
4.339E-003 
1 
 1 
 1 
 1 
 1 
 1 
 1 
 1 
 1 
 1 
 1 
 1 
 1 
 1 
25.89 
0.41 
12.73 
19.37 
16.07 
4.15 
5.40 
8.74 
0.36 
3.26 
7.63 
1.33 
0.41 
5.55 
0.0002 
0.5324 
0.0031 
0.0038 
0.0013 
0.0611 
0.0357 
0.0104 
0.5594 
0.0924 
0.0153 
0.2683 
0.5318 
0.0336 
4.2.  Optimization of response parameters 
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Optimization of kerf was performed separately for achieving the desired kerf based on the developed 
mathematical model (i.e. equation (2)). The target values for kerf were set as minimum. The optimized 
values of input process parameters are listed in Table 5. The  value of composite desirability D, was taken 
as 1. The optimized response value of kerf is 0.255 mm.  
An experimental study was conducted at the optimal parametric settings for kerf so that all the targeted 
values of response parameters can be obtained simultaneously. Table 5 shows the predicted value of kerf 
obatined from the mathematical relationships as given in equation (2) and experimental result with the 
parameteric optimal setting as obtained from RSM model. Predictions are in good agreement with the 
experimental results because the percentage error of the predicted value with respect to the 
experimentally observed value for kerf is within a range of 4%.  
Table 5.  Optimized input process parameters and optimum value of surface roughness 
Response Optimize value of input parameters Modified value of inputs parameters Predicted 
value 
(m) 
Experimental 
value 
(m) 
% error 
SV 
(V) 
TON 
(s) 
TOFF 
(s) 
WF 
(m/min) 
SV 
(V) 
TON 
(s) 
TOFF 
(s) 
WF 
(m/min) 
kerf  71.06 2.81 7.79 8.90 70.00 3.00 8.00 9.00 0.200 0.214 3.84 
4.3 Effects of input process parameters on kerf 
The effects of input process parameters on kerf were analyzed on the basis of mathematical relationship 
(equation 2) obtained through experimental results and response surface methodology. Figures 1(a) and 
1(b) plot the predicted values of kerf in terms of the voltage, pulse-off time and wire feed rate. Figure 1(a) 
shows the surface response for kerf versus voltage and wire feed rate. According to this figure, the 
combined effect of voltage and wire feed rate is such that lower value of voltage and lower value of wire 
feed rate results in lower kerf. The effect of pulse-off time  and wire feed rate on kerf  is shown in Figure 
1(b). This figure displays that the value of kerf  decrease with decrease in pulse-off time and decrease in 
wire feed rate.  
 
Fig. 1 (a) Surface response for kerf versus voltage and pulse-off time (b) Surface response for MRR versus voltage and wire feed 
rate 
 
4.4 Surface interigty aspects 
To examine the surface integrity of the machined surface, SEM analysis was conducted on the machined 
surface of SiCp/6061 Al MMC. Figure 2 shows the microstructure of the machined surfaces at different 
input parameters settings. Figure 2(a) shows the SEM micrograph of machined surface at lowest range 
values of input process parameters (i.e. SV = 70 V, TON  = 1 s, TOFF = 6 s and WF = 5 m/min). This 
microgrph shows that surface can be characterized with minor hillocks and valleys. Figure 2(b) shows the 
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SEM image of the cut surface at highest range values of the input parameters (i.e. SV = 90 V, TON = 3 s, 
TOFF = 10 s and WF = 9 m/min). It is found that, surface abounds with moderate to large size hillocks 
and valleys. Figure 2(c) shows the SEM micrograph of machined surface at lowest range values of input 
process parametes (i.e. SV = 70 V, TON  = 1 s, TOFF = 6 s and WF = 5 m/min) with higher magnification. 
By comparing figures 2(a) and 2(c), it can be observed that the SEMed surface at lowest range values is 
free from any surface defects. Figures 2(d) and 2(e) show the SEM micrographs of machined surface at 
highest range values of input process parameters (SV = 90 V, TON = 3 s, TOFF = 10 s and WF = 9 
m/min) at higher mignifications, but at different locations. It can be observed from these figures that 
surface is full of craters and black patches arises at highest range of input process parameters. These 
craters were formed on the machined surface due to non- conductive particles pullout and presence of 
ceramic particles protruding on the machined surface. Black patches are formed over the machined 
surface as a result of arcing during machining. From this study it is clear that lowest range values of input 
process parameters result in better surface quality. 
 
Fig. 2 Scanning electron micrographs of machined surface of SiCp/6061 Al MMC 
5.  Conclusions 
In this work, an attempt was made to study the effects of voltage, pulse-on time, pulse-off time and 
wire feed rate on  kerf separately in WEDM of SiCp/6061 Al MMC. Input process parameters have been 
found to play a significant role in the minimization of kerf. ANOVA results show that voltage and wire 
feed rate are highly significant parameters and pulse-off time is less significant. Pulse-on time has 
insignificant effect on kerf. For targeted value of kerf the optimized values of servo voltage is 70.06 V, 
pulse-on time is 2.81 s, pulse-off time is 7.79 s and wire feed rate is 8.90 m/min. SEM images of the 
cut surfaces have revealed that the fine surface finish was obtained when machining was done at a 
combination of lower levels of input process parameters. When machining was done at combination of 
higher levels of input process parameters, craters and black patches arise on the machined surface. AFM 
analysis of machined surfaces shows that there is considerable decrease in surface roughness with 
decrease in voltage and this reduction is of the magnitude of approximately 59.27% in the taken range of 
voltage. 
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The results of the present study based on WEDM of SiCp/6061 Al MMCs can be used for effective 
and economical machining of SiCp/6061 Al MMCs by WEDM. The present work is focused on the 
WEDM of SiCp/6061 Al MMCs having SiC particles upto 10%. In future the study can be extended for 
various percentages of SiC particles in MMCs. The present work is an attempt at investigating the 
machinability studies in WEDM of SiCp/6061 Al MMCs. The work can be extended by using other 
matrix material like Mg alloys and titanium alloys as well as different types of reinforcing material such 
as graphite, Al2O3 etc.  
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